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Abstract

High precisionmodelingof space-chaye effectsis es-
sential for designingfuture acceleratorsas well as opti-
mizing the performanceof existing machines. Synepia
is a high-fidelity parallelbeamdynamicssimulationpack-
agewith fully threedimensionakpace-chage capabilities
anda higherorderopticsimplementationWe describethe
Synepgia framewvork and model benchmarksve obtained
by comparingto semi-analytiaesultsandothercodes.We
alsopresentSynepgia simulationsof the FermilabBooster
acceleratoandcomparisonsvith experiment.

THE SYNERGIA FRAMEWORK

Synegia[1] is a frameawork for state-of-the-arsimula-
tion of linear and circular acceleratorsvith a fully three-
dimensional(3D) treatmentof spacechage, and the ca-
pability to usearbitrary order mapsfor the single-particle
optics modeling. It is designedto be a general-purpose
tool with aninterfacethatis accessibl¢o acceleratophysi-
cistswho arenotexpertsin simulationandcomputingtech-
nigues. Space-chaye calculationsare computationallyin-
tensvie, typically requiringthe use of parallelcomputers.
The implementationof Synepgia utilizes Particle-In-Cell
(PIC) techniquesandis fully parallel,including the parti-
cletrackingandspace-chayemodules.Thecodeitselfis a
hybrid systembasednthelIMPACT [2] space-chayecode
and the mxyzptlk/beamline libraries[3], which includesa
MAD parser Synegia includesenhancementfo these
codesaswell asnew modules. The space-chaye module
usegthe pathlengthalongthereferencdrajectory s, asthe
independentariableandimplementsa variety of different
boundaryconditions.Synegia hasmulti-turn injectionca-
pabilitiesandcanfollow multiple bunchedongitudinally.

The userlevel interfaceto Synegia consistsof a setof
Pythonclasseshatwrapthelow-level interfaceso thevar-
ious packagesised. The Pythoninterfacegeneratesnin-
put file thatis readby the simulationitself. The Python
interpreterneednot be presentat run time. The Python
interfacecanevengenerate job to be automaticallytrans-
ferredandsubmittedto aremotemachinewhereno Python
interpreteris available. Synegia alsoincludesa build sys-
temthatallows it to be compiledandrun on variousplat-
formswithout requiringthe userto modify the codeand/or
build system.
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Performance

For high precision3D simulations, large numbersof
macroparticles,on the order of 10~7, and fine space-
chage grids, typical sizeof 33 x 33 x 257, arerequired.
In orderto obtainthe necessargomputingpower for such
simulations,we have ported our codeto different paral-
lel machinesjncludingcommodityPC clusters aswell as
specializedbarallelcomputers.A summaryof the perfor
manceof theSynegiacodefor FNAL Boostemrmodelingis
shavnin Fig. 1, asa functionof the numberof processors
usedto run the simulation. The performancedependson
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Figurel: Synegiaperformancemeasuredéh Boosterturns
perhour, versuswnumberof processordpr differentparallel
machines.

aninterplay of networking speedJateng/, and processing
speed. For our Boostersimulations,peakperformanceof
~ 100 Boosterturns per hour is obtainedrunningon 512
processorenthe NERSCsupercomputer

Benchmarking

In orderto verify theaccurag of our simulationwe pro-
vide a testsuite,in which we modelseveral casessimple
enoughto performcomparisonsvith semi-analyticcalcu-
lations[1]. In all thesecomparisonsthe Synegia codeis
in good agreementvith the theoreticalexpectations. An
exampleof sucha comparisoris shovn in Fig. 2. Herewe
modela cold, uniform density 100 mA protonbeam,with
kineticenegy of 250MeV, in aFODOchannelwith rf cav-
ities, and comparewith the MaryLie/IMPACT (ML/1) [4]
3D code; the agreements excellent. The cavity phases
have beensetso that the first cavity accelerateshe beam
andthe seconddecelerate# by the sameamount. Since
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Figure 2: Comparison of the Synegia and

MaryLie/IMPACT predictions for the r.m.s. beam en-
velopesof a cold beampropagatingin a FODO channel
with rf cavities.
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Figure 3: Normalizedhorizontal and vertical 2-D emit-
tancesandtheir average versusturn number shaving the
emittanceexchangedueto the Montagueresonance.

the beamis cold and uniform, the rms equationsdescribe
the problemexactly, sothereis a matchecconditionwhere
the final ervelopesare identical to the initial values. We

useda 3D ervelope matchingcodeto find the matched
beamparameters.We generateda numericalrealization
of the matcheduniform distribution consistingof 100,000
particles. Theseparticleswere usedasthe input of both

SynegiaandML/I. We have alsocomparedSynepia pre-

dictionsof the space-chayedrivenMontagueresonanceat

the CERN PSwith other major simulationcodes[5]. In

Fig. 3 we shawv thenormalizedverticalandhorizontalnor-

malized emittancesand their average,versusturn, for a

Synegia CERN PS simulationusing a linear lattice with

Q. = 6.207 and(@Q, = 6.21, oneof the casesusedin the
comparison.

FERMILAB BOOSTER SIMULATIONS

The Booster[6] is a rapid-g/cling, 15 Hz, alternating
gradientsynchrotronwith a radiusof 75.47 meters. The
lattice consistsof 96 combinedfunctionmagnetsn 24 pe-
riods,with nominalhorizontalandverticaltunesof 6.9and
6.7 respectiely. The Boosteraccelerateprotonsfrom a
kinetic enegy of 400 MeV to 8 GeV, using17 rf cavities
with frequeng that slews from 37.8 MHz at injection to
52.8 MHz at extraction. Typically, the injection process
lastsfor ten Boosterturns,resultingto a total averagecur-
rentof 420 mA. Theinjectedbeamis a streamof bunches
equallyspacedatthelinac RF frequeng of 201.2MHz.

In this sectionwe study how space-chaye affects the
Boosterbeamduringthefirst 500turnsof thecycle (injec-
tion, captureandbunching).For thesimulationsve usean
idealizedBoosterlattice without any non-linearelements,
but we do employ secondordermapsandwe usea beam
with realisticenegy spread.

Emittance dilution

First we investigatehow space-chaye affectsthe emit-
tanceof the Boosterwithout including rf. In Fig. 4 we
plot the normalized4-D trans\erseemittancé for five dif-
ferentinitial beamconditions,describedn the captionof
thefigure. As expected,in the casesvherethe beamwas
matchedhereis no emittancegrowth. (Our matchingpro-
ceduretakesinto accountspace-chaye effectson the sec-
ond momentsof thebeam).In the mismatchedtaseswith
a 20% mismatch,we obsene a 12% increaseof the beam
emittanceduringthefirst 10to 15turnsafterinjection. The
effectis a combinationof chromaticand space-chaye ef-
fectsandit is very similar for both the single-and multi-
turn injection cases. The total currentis the same,0.420
Amps,in both cases.The emittancegrowth canberelated
to the corversionof beamfree enegy from mismatchos-
cillationsinto thermalenegy of thebeam,dueto the effect
of thenon-linearspace-chayeforces[7]. We compareour
resultwith the predictionof the free-enegy modelfor the
breathingmodecase. With a mismatchparameteof 1.2,
asin the caseof our simulation,the model predictsa 4-
D trans\erseemittancegrowth of 13%,in goodagreement
with the Synegiaresult.

Includingrf in thesimulationincreaseshe space-chaye
effects (bunching)andintroducesa strongercoupling be-
tweenthehorizontal(bending)andthelongitudinalplanes.
Therf is turnedon 20 turnsafterinjection, which lastsfor
10turns,andcapturdastsfor 200turns. In the capturepro-
cesscavity pairsstartparaphasedndarebroughtlinearly
in phase.In Fig. 5 we show the evolution of a longitudi-
nal planeslice, 27 wide in the 37.8 Mhz rf phase.During
the delunchingperiod, we seethe bunchesof theinjected
linac beambecome's-shaped’dueto spacechage. After
the beamis capturedin the 37.8 Mhz rf, it alsodevelops

1Definedasthesquareootof thedeterminanbf the covariancematrix
of thetrans\ersephasespace.
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Figure4: Normalized4-D trans\erseemittancen m? rad?
for differentinitial conditions. The red and greencurves
correspondo a matchedbeam,with space-chaye effects
turnedoff, with andwithoutamomenturnspreacf 0.0003,
respectiely. The purpleandlight blue curvescorrespond
to a beamof 0.420 Amps total currentand momentum
spreadof 0.0003, matchedand mismatchedrespectiely.
Multi-turn injection of 11 turnsis usedin all of theabove
casesThedarkbluecurve correspond$o a singleturnin-
jectionsimulationof a 0.420Amp mismatchedeamwith
0.0003momentunspread.
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Figure5: Longitudinalphase-spacafter18turns(left) and
after385turns(right).

“s-shape”characteristicdyut maintainssomestructuredue
to the “folding” of the linac bunches. The effects of the
rf onthe normalized4-D trans\erseemittanceis showvn in
Fig. 6; the emittancegrowth is ~ 2.5 timeslarger (30%
versus12%) thanin the casewith no rf. In addition, as
alsoshavn in Fig. 6, the emittancevaries,following the
variation of the longitudinal beamwidth, dueto the cor

relation betweenlongitudinal and horizontal phase-space [5]

planes.Thevariationstartswith a periodof 20turns,and
endswith aperiodof 5turns.

Finally, we comparethe simulated horizontal beam
width with a measurementising the Booster lonization
ProfileMonitor, Fig. 7. Theagreemenis verygood.A dis-
cussionof the experimentalkechniques presentedn [8].
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